INTRODUCTION
Despite the mineralogical sensitivity of the Lu-Hf isotope system to fractionation (Fig. 1) , the vast majority of mantle and crustal rocks analysed so far lie along a single, wellcorrelated array in Hf-Nd isotope space. Lithologies as diverse as mid-ocean ridge basalts, ocean island basalts, island arc volcanics and upper crust of various ages lie on, or close to, this array (see Blichert-Toft, 2001 for a review), suggesting similar, coupled fractionation of Sm/Nd and Lu/Hf in most terrestrial magma source reservoirs. Kimberlites are deeply derived volcanic ocks, for which a great diversity of different source regions and components have been advocated, ranging from continental lithospheric mantle (CLM), convecting upper mantle, subducted oceanic crust and the lower mantle or coremantle boundary (e.g. Sharp, 1974; Smith, 1983; le Roux, 1986; Mitchell, 1986; Haggerty, 1994; Kesson et al., 1994) . They are also the only rock type to contain samples of both upper and lower mantle (Harte, 1999) . The possible ultra-deep origins of kimberlites combined with the wide variation in Lu/Hf fractionation through this depth interval ( Fig. 1) suggest the possibility of finding distinctive NdHf isotopic compositions in these rocks. In particular, the characteristic Lu/Hf-Sm/Nd fractionation systematics of ultra-deep phases such as majorite and perovskite ( Fig. 1 ) compared with shallower phases could be discernible.
The study of Nowell et al. (1999) established that kimberlites have distinctive Hf-Nd isotope systematics that plot off the mantle array. Lamproites also have anomalous Hf-Nd isotope systematics that plot well below the mantle array (Nowell et al., 1998a (Nowell et al., , 1999 , indicating the presence of a distinctive mantle reservoir in these rocks. In addition, Janney et al. (2002) have found similar signatures in mafic alkalic/potassic rocks surrounding the Kaapvaal craton and even into the southern Atlantic Ocean (Alphard Bank). Here, we analyse a more extensive kimberlite sample set, to explore further the implications for kimberlite source regions and deep mantle reservoirs. Low-Cr megacrysts from eight kimberlites have also been analysed, to try to further constrain the relationships between megacrysts and kimberlites and to examine in more detail the source contributions to kimberlite-related magmatism.
The unusual Hf-Nd isotope characteristics of the kimberlite-megacryst magma source region also provide constraints relevant to terrestrial geochemistry mass balance arguments. Mixing between bulk crust and depleted mantle do not intersect most estimates of Bulk Silicate Earth (BSE) based on meteorites (e.g. and this mass balance problem has been interpreted to indicate the existence of a reservoir that is not sampled by terrestrial rocks . Our new data confirm earlier findings (Nowell et al., 1998b; Pearson & Nowell, 2002 ) that kimberlites and their megacrysts have Hf-Nd isotope systematics that are suitable for the 'missing reservoir', or at least point to the existence of such a reservoir.
SAMPLES Kimberlites
Kimberlites are a mixture of components that are derived from every 'reservoir' through which they have ascended en route to the surface. This greatly complicates the interpretation of their elemental and isotopic signatures. These problems cannot be eradicated with certainty in Fig. 1 . Schematic cross-section through the Earth's crust and mantle, showing the major mineral transitions of importance to the Lu-Hf isotope system. The range of distribution coefficients for Lu, Hf, Sm and Nd is shown for each of the mineral phases in the zones shown. LRE, Light rare earth elements; HRE, heavy rare earth elments.
any study of kimberlite whole-rock geochemistry, but, to minimize any such difficulties, our samples were chosen from previously characterized, fresh, hypabyssal-facies kimberlites, specifically selected for their minimal crustal contamination (Smith, 1983; Smith et al., 1985; McDonald et al., 1995) . The samples studied are from Southern Africa, belonging to the isotopic Groups I and II of Smith (1983) , or kimberlites and 'orangeites' as classified by Mitchell (1995) , along with Transitional kimberlites (Skinner et al., 1994) that have Sr and Nd isotope characteristics intermediate to Group I and Group II kimberlites. For sample descriptions and major element compositions, the reader is referred to the appendices of Smith et al. (1985) , Fraser & Hawkesworth (1992) and McDonald et al. (1995) .
SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES
New kimberlite samples prepared for this study were carefully hand-picked to screen out crustal fragments, altered grains and obvious megacryst and xenolithrelated grains. Every precaution was taken during picking and preparation of the megacrysts to avoid inclusions, grain-boundary alteration and areas with signs of hostkimberlite interaction. The ilmenite samples analysed were either part of bi-mineralic intergrowths with zircon, or large (cm or greater), deformation-free monocrystals. The outer edges and surfaces of all the megacrysts were removed before being lightly crushed (<2 mm Ø) for picking. Garnets and clinopyroxenes were picked under ethanol and only clear translucent fragments were selected. As the ilmenites are opaque, only those fragments with good conchoidal fractures were picked. After the first picking, all the megacrysts were washed in 18.2 MW water and ultrasonically leached in 6 N HCl for 30 minutes before being washed with 18.2 MW water a second time, crushed to a finer size and re-picked. After this second picking, the acid leach and wash steps were repeated before the samples were powdered. Although no inclusions were observed within any of the megacrysts during this process, it is possible that very small inclusions have been overlooked and the possibility exists for some of the ilmenites with very low Nd contents to have been influenced by inclusions of more REE-rich minerals. These effects are minor and do not alter our conclusions.
All kimberlite and megacryst samples, except zircons, were analysed for trace element and rare earth element compositions at Durham University using an Elan 6000 ICP-MS. Sample dissolution and ICP-MS analytical protocols have been presented by Ottley et al. (2003) . Instrument calibration is made using international rock standards. Internal spikes are used to monitor suppression and drift. The reproducibility (relative standard deviation) of the in-house kimberlite standard using these techniques is 2.4% for Lu/Hf ratios and 1.1% for Sm/Nd ratios. Mineral separate analyses using longer on-peak dwell times give data that are a factor of two better than this.
Sr, Nd and Hf isotopic compositions were determined at three different laboratories: NERC Isotope Geosciences Laboratory (NIGL; see Nowell et al., 1998c; Royse et al., 1998; Nowell & Parrish, 2001 for relevant analytical protocols), the Department of Terrestrial Magmatism (DTM; see Carlson & Nowell, 2001 for analytical protocols) and, latterly, at the Arthur Holmes Isotope Geology Laboratory, Durham University (AHIGL; see Nowell et al., 2003a for analytical protocols). The Hf separation procedure adopted for samples analysed by plasma ionization multi-collector mass spectrometry (PIMMS) required only the first two anion exchange columns described by Nowell et al. (1998) to remove the bulk of the sample and titanium, respectively. The HfNd separation procedure used at Durham has been documented by Dowall et al. (2003) . Data were collected by a combination of TIMS and PIMMS over several analytical sessions. Details relating to standard normalization, precision and accuracy and constants used are given in the legends to Tables 1-3.
RESULTS
Although many of the kimberlites in Table 1 have been previously characterized for Nd and Sr isotopes (Smith, 1983; Skinner et al., 1994) , we have re-analysed the majority of samples to maintain an internally consistent database and to improve upon precision. All plotted kimberlite and megacryst data are initial values, calculated using the kimberlite eruption ages and the relevant parameters given in Table 1 .
Group I kimberlites
On a Nd-Sr isotope diagram (Fig. 2) , Cretaceous Southern African Group I kimberlites plot as a field within the mantle array characterized by Sr isotope compositions close to Bulk Earth (BE) and generally positive e Ndi values (À0.5 to 4.0). This field is distinct from Southern African Cretaceous Group II kimberlites that have more radiogenic Sr isotope and less radiogenic Nd isotope compositions (Smith, 1983) . In e Hfi -e Ndi space (Fig. 3a) , the Group I kimberlite field ranges from compositions that have both positive and negative e Hfi values (À6.2 to þ7.3) and generally positive e Ndi . Two samples have both negative e Hfi and e Ndi . The data do not plot along the oceanic array but are displaced below it to varying degrees. The departure of Group I kimberlites from the main oceanic array can be expressed using the De Hf notation (Table 1) of Johnson & Beard (1993) . We use the revised regression of the oceanic array of Vervoort et al. (1999) Ballentine et al., 1997) . Kimberlites, along with lamproites (Nowell et al., 1998b) , record the largest displacements below the mantle Hf-Nd array yet measured in mantlederived volcanic rocks.
Group II kimberlites
Group II kimberlites have unradiogenic Nd (e Ndi À5.5 to À11.9) coupled with radiogenic Sr isotope compositions (0.7078-0.7126), plotting in the 'enriched' quadrant of the Nd-Sr isotope diagram ( Fig. 2a ; Smith, 1983) . Hf isotope compositions are also unradiogenic (e Hfi À3.6 to À23.9), consistent with their trace element-enriched character. Although Nd isotope compositions of Group II kimberlites are distinct from those of Group I, their Hf isotope compositions partially overlap (Fig. 3a) . Threequarters of the Group II kimberlites analysed scatter around the mantle regression line of Vervoort et al. (1999) , with De Hf values between 2.4 and À2.6 (Fig. 5) . However, two Group II kimberlites from Swartruggens plot well below the mantle regression line (De Hf À8.7 to À12; Fig. 5 ).
Transitional kimberlites
'Transitional' kimberlites have Sr-Nd isotope compositions (Fig. 2a) that are intermediate between those of Group I and Group II. These kimberlites have less radiogenic Nd isotope compositions than Group I kimberlitesmore characteristic of the so-called EMI mantle endmember. In addition to Southern African variants (Skinner et al., 1994;  Table 1 ), kimberlites with these isotopic compositions have also been reported from Brazil (Bizzi et al., 1994; Carlson et al., 1996) , from the Arkhangelsk Region of Russia (Beard et al., 2000; Mahotkin et al., 2000) and from the North West Territories (Dowall et al., 2000) . Despite having e Hfi values that appear more similar to Group II kimberlites, Transitional kimberlites appear to lie on an extension of the Group I kimberlite array in e Hfi -e Ndi space (Fig. 3a) , displaced well below the mantle array (De Hf À8.1 to À14.2; Fig. 4a ).
Kimberlite megacrysts
As observed in previous studies (Kramers et al., 1981; Jones, 1987; Davies et al., 2001) , Nd-Sr isotope systematics of low-Cr megacrysts from Group I kimberlites are similar, but not exactly the same as their hosts (Fig. 2b) . Excepting one sample, the range in Nd isotope compositions is comparable but the megacrysts have Sr isotope compositions at the least radiogenic end of the range shown by kimberlites. The low-Cr megacrysts from Group II kimberlites analysed here (Fig. 2b ) and by Smith All sample data are normalized to the same accepted standard values given in the legend to Initial Sr and Nd isotope ratios for garnet, ilmenite and cpx megacryst phases are calculated using the host kimberlite eruption age and constants given in Table 1 . This also applies to initial Hf isotope ratios for garnet and cpx phases. The measured Hf isotope ratios of ilmenites and zircons are age invariant, due to the extremely low Lu/Hf ratio, and are therefore also taken as the initial ratios.
eHf values are calculated using a 176 Hf/
177
Hf ratio for CHUR of 0.282769 (Blichert-Toft and Albarede, 1997;
re-normalised to a JMC 475 value of 0.28216). Laser ablation mode PIMMS analysis (ThermoFinnigan Neptune). Average 176 Hf/ 177 Hf ratio and external reproducibility for both pure and YbþLu-doped JMC 475 was 0.282155 AE 7 2SD (n ¼ 12). For the Orapa zircons, the NIGL and DTM Hf isotope data generally agree to better than 1e unit (except for PHN1613N, which is slightly worse at 1.6 e units), with the average difference being 0.56 e units. For the NIGL and AHIGL data sets the agreement is slightly better with an average difference of only 0.38 e units. Again, however, the difference for PHN1613N, and also PHN1613F, is slightly greater than 1e unit. The agreement between the AHIGL and DTM data sets is extremely good, including samples PHN1613N, and PHN1613F, with an average difference of only 0.15 e units. Indeed, five of the 14 samples reproduce to better than 0.04 e units. On the basis of the close agreement between the AHIGL and DTM datasets, we use the more extensive and higher precision AHIGL data set to define the range in Hf isotopic composition for the Orapa zircon suite. The agreement between NIGL and AHIGL Hf isotope data for the two Kaalvallie zircons is better than 0.8 e units although the reproducibility of the AHIGL Neptune data for the two repeat analyses of each zircon is considerably better (<10 ppm). (1995) are distinct from Group I megacrysts in that they have less radiogenic Nd and more radiogenic Sr. In common with the relationships shown between Group I megacrysts and their hosts, the Nd isotopic compositions of Group II megacrysts overlap those of their hosts, whereas their Sr isotope compositions are less radiogenic. In contrast to Sr isotope systematics, both Group I and Group II megacrysts show very similar Nd-Hf isotope systematics to their host kimberlites ( Fig. 3a and b) . With a few exceptions, the megacrysts from Group I kimberlites plot within the Nd-Hf isotope field of their hosts. Although the absolute ranges in Nd and Hf isotope compositions for the megacrysts and kimberlites are slightly different, the seven megacryst suites from Group I kimberlites all plot below the mantle array, with negative De Hf values ranging from À1 to À9 (Fig. 4b ). This range is almost exactly analogous to the range for the kimberlites (Fig. 5) . Hence, Group I kimberlites and the parental megacryst magma both share the characteristic of having negative De Hf signatures. Low-Cr megacrysts from individual kimberlites have a relatively restricted isotopic range. For instance, despite the known complexity of elemental variations within the Monastery megacrysts, possibly resulting from multiple generations of growth (Gurney et al., 1979 (Gurney et al., , 1998 Moore et al., 1992) , this assemblage has a remarkably limited variation in Hf isotope composition. The entire range of e Hfi values (À0.35 to 1.1) for the megacryst suite is only 1.45 epsilon units, with no systematic variation between phases. This essentially constant e Hfi contrasts with the 2.4 epsilon units' variation shown by the two whole-rock kimberlite samples from Monastery (Table 1) and probably attests to the more complex interactions experienced by the kimberlites en route to the surface. Nd isotope compositions of the Monastery megacrysts are marginally more variable than for Hf (e Ndi from 2.0 to 3.9). Only the megacrysts from Frank Smith show significant Nd isotope variability, but this range is due to a single ilmenite that Fig. 3. (a) e Hfi -e Ndi for Group I, Group II and Transitional kimberlites from Southern Africa (symbols as in Fig. 2a) , together with fields for oceanic basalts. Data source for MORB and OIB can be found in the captions to Fig. 1 and Appendix 1 of Nowell et al. (1998) . (b) e Hfi -e Ndi for Cr-poor megacrysts from Group I kimberlites and Group II kimberlites (symbols as in Fig. 2b ), together with fields for whole-rock kimberlites (field for Group II kimberlites excludes the Swartruggens samples). Also shown on the left-hand side are the ranges in e Hfi for zircon megacrysts from the Orapa, Kaalvallie, Monastery, Gansfontein and Mothae Group I kimberlites. The mantle array is taken from Vervoort et al. (1999) has significantly lower e Ndi . We do not at present understand the cause of this variation but this individual ilmenite could be from a distinct generation of megacrysts, unrelated to the main suite that has isotopic compositions similar to their host kimberlite (see below).
Nd isotope compositions have not yet been determined for zircons or zircons from bi-mineralic intergrowths because of the low Nd concentrations. Nevertheless, the observed Hf isotope equilibrium between zircon and ilmenite from bi-mineralic intergrowths (Table 2) suggests that the zircon Nd isotope composition should also be in equilibrium with that of the ilmenites and, hence, unradiogenic compared with other phases. For most zircons, between two and four spot-analyses were made of each grain and the replicates are generally within 0.5 epsilon Hf units (Table 3) . Mono-mineralic zircons from Monastery, Kaalvallie, Kampfersdam, Gansfontein and Mothae have a very restricted range in e Hfi (À0.2 to þ2.3; Table 3 ). In contrast, zircons from Orapa show a large range in e Hfi (À14.1 to þ2.3) that can be divided into two distinct populations, one with a range of e Hfi from À12 to À14 and one with a range from 1.1 to þ2.3 (Table 3 , AHIGL data). Griffin et al. (2000) also defined two populations of zircons at Orapa and Jwaneng, based Fig. 2a) , together with fields for oceanic basalts (data sources as in Fig. 3 on their Hf isotope compositions. Excepting these low e Hfi zircons, the average Hf isotope composition of the bulk of the zircon megacrysts from Group I kimberlites is very tightly clustered and strikingly similar to the average composition of Group I megacryst suites as a whole (Fig. 3b) .
Two low-Cr garnet megacrysts from the Group II Star kimberlite are isotopically distinct from the garnet megacrysts from the Group I kimberlites (Fig. 3b) . The Star garnets plot very close to an extension of the mantle array ( Fig. 4b ; De Hf À1.9 to 3.6) and are within the range of compositions determined for the Star kimberlite (N. Coe, unpublished data). Hence, for both Group I and Group II kimberlites, the low-Cr megacrysts generally have similar isotopic characteristics to their host kimberlites.
KIMBERLITE ISOTOPIC VARIATIONS: CRUSTAL CONTAMINATION OR MANTLE SIGNATURE?
It is generally believed that the high concentrations of Sr and Nd in kimberlites render their isotope signatures relatively immune to the effects of crustal contamination. Although this is true to a certain extent, the lower levels of Hf make it essential to carefully select samples for analysis that show minimal signs of crustal contamination and have trace element systematics, such as high Gd/Yb, that confirm this. All samples selected for this study were the freshest, least visibly contaminated hypabyssal facies samples available. They have the lowest contamination indices (C.I.: (SiO 2 þ Al 2 O 3 þ Na 2 O)/(MgO þ K 2 O)) of samples available from a given mine, high Gd/Yb, low SiO 2 and do not have positive Pb anomalies. The Group I samples have Yb contents <1 ppm. As such, we interpret the isotope systematics of our sample set as reflecting their mantle source compositions and/or processes operating in the mantle during kimberlite genesis and ascent.
Exceptions to the low levels of crustal contamination in our dataset may be the two samples from the Swartruggens dyke (14/6 and 15/1). The Swartruggens dykes are mineralogically different from all other Group II kimberlites in that they contain diverse Zr-silicates and quartz in many samples (Mitchell, 1995) . Although no quartz has been reported in the Swartruggens samples analysed in this study [see Smith et al. (1985) for sample descriptions], these samples have higher C.I. than kimberlites from elsewhere (1.20 and 1.36) and they show a positive correlation between C.I. and 87 Sr/ 86 Sr that is suggestive of alteration or crustal contamination (Smith et al., 1985) . Because of the likelihood of a crustal influence on the isotopic signatures of these rocks, they are excluded from any further discussion of the nature of kimberlite source regions. We note that, for the kimberlites with low C.I. (close to unity), there is no correlation between C.I. and Hf-Nd-Sr isotope composition, indicating that crustal contamination is unlikely to explain the observed isotope variations.
An additional indication that the isotopic characteristics of the kimberlites are dominated by their mantle sources is the observed close matching of Nd-Hf isotope compositions of the low-Cr megacryst suite with their host kimberlite and the overall consistency of the kimberlite and megacryst fields (Figs 4b and 5) . Geothermometry studies place the crystallization of all kimberlite megacryst suites in the mantle (Nixon & Boyd, 1973) . This, combined with the ability to hand-pick gem-quality mineral fragments from the megacrysts, excludes the influence of crustal components from their geochemistry. Megacrysts from Group I kimberlites have almost exactly the same range of displacements below the mantle array as the kimberlites ( Fig. 5; Table 4. ). This is a very strong indication that (a) the negative De Hf signature is of mantle and not crustal origin and (b) the megacryst parental magmas were derived from a similar source, or combination of sources, to the kimberlites.
Cr-POOR MEGACRYSTS-KIMBERLITE RELATIONSHIPS AND MEGACRYST ISOCHRON SYSTEMATICS
The precise relationship between the low-Cr megacryst suite and the host kimberlites is as yet unresolved (e.g. Nixon & Boyd, 1973; Harte & Gurney, 1981; Jones, 1987; Hops et al., 1992; Smith et al., 1995; Davies et al., 2001; Moore & Lock, 2001 ). Some studies have reported small isotopic differences between the megacrysts and kimberlites. For instance, Davies et al. (2001) opted for a 'non-cognate' origin for megacrysts from Namibian kimberlites on the basis of differences in Sr-Nd-Pb isotope systematics. However, that study did not analyse megacrysts together with the host intrusion. Furthermore, the Pb isotopic compositions of kimberlites are very susceptible to crustal contamination and so it would be surprising if identical compositions were preserved in megacrysts formed towards the base of the lithosphere and kimberlites that have traversed and interacted with the crust prior to their crystallization. Differences between the megacrysts and their host kimberlites in this study are most apparent in their Sr isotope compositions. The less radiogenic Sr of the megacrysts may be a function of the incorporation of radiogenic Sr by kimberlites during their ascent through CLM and crust and/or subsequent alteration processes. We note that the least radiogenic Group I kimberlite Sr isotope compositions overlap the main megacryst field (Fig. 2b) . At most localities, the Nd and Hf isotope variation between megacrysts is minor and their initial ratios are within error of those of the host kimberlite, especially when multiple analyses of the kimberlite are made. This isotopic similarity between megacrysts and their host kimberlite Fig. 3b ) strongly supports some type of genetic relationship.
If the low-Cr megacryst suite has a genetic relationship to kimberlite, then we may expect its age to be either similar to the host kimberlite, or equivalent to a previous kimberlite event. In addition, where the age of the megacryst suite is similar to the host kimberlite, we would also expect their initial isotopic ratios to overlap. As noted above, comparisons of megacryst geochemistry with the host magmas require minimally contaminated whole-rock samples. A further complication is that megacrysts may crystallize from multiple batches of isotopically heterogeneous magma, at distinct time intervals. A clear indication of this complexity is seen in the range of e Hf values for zircon megacrysts from Orapa (Table 3 ; Fig. 3b) . If the process of megacryst formation involves interaction/assimilation with their surrounding CLM, it is important to examine the entire crystallizing assemblage, especially the early crystallizing phases, to properly understand the significance of these processes and to be able to constrain the parental magma composition. Early isotopic studies on megacrysts focused on the Rb-Sr and Sm-Nd isotope systems, which precluded examination of late crystallizing phases, such as ilmenite and zircon, because of very low daughter element concentrations (Kramers et al., 1981; Jones, 1987; Hops et al., 1992 ). An advantage of the Lu-Hf isotope system is that all phases contain sufficient Hf for high-precision isotopic analysis. Furthermore, late crystallizing phases such as ilmenite and zircon have particularly high Hf contents (tens of ppm to 1.5 wt %, respectively) coupled with very low Lu/Hf ratios, so that 176 Hf/ 177 Hf ratios are essentially timeinvariant and allow estimation of accurate initial ratios. Lastly, Hf is an immobile element compared with Sr, especially in non-reactive phases, such as ilmenite and zircon. Hence, even when silicate phases and the host kimberlite are badly weathered, valuable isotopic information can be obtained. Garnet, diopside and ilmenite megacrysts from Premier yield a Lu-Hf isochron age (Fig. 6a ) of 1266 AE 51 Ma (2s). This age is within error of the 1202 AE 72 Ma U-Pb perovskite age of Kramers & Smith (1983) , the 1179 AE 36 Ma Rb-Sr clinopyroxene megacryst isochron of Smith (1983) and of the 1187 AE 63 Ma (recalculated using ISOPLOT) Sm-Nd megacryst isochron age of Jones (1987) . The Sm-Nd isochron age for the same three phases used to determine the Lu-Hf age is considerably less precise at 1180 AE 700 Ma (2s; Fig. 6b ). This large uncertainty is due to the diopside megacryst, which was clearly not in Nd isotope equilibrium with the garnet or ilmenite at 1180 Ma and may, for example, have been related to a different parental magma batch. However, combination of our Sm-Nd isotopic data with those of Jones (1987) Nd ratios are calculated from ICP-MS elemental data and 2-sigma errors are set at 3%. Closed diamonds are megacryst points, labelled according to phase. Grey squares or rectangles represent the age-corrected kimberlite wholerock data from Table 1 ).
The Monastery megacryst suite yields a Lu-Hf isochron age of 91 AE 27 Ma (2s; Fig. 6c ) using the three garnets, the four mono-mineralic ilmenites (excluding repeats), an ilmenite from a zircon-ilmenite intergrowth, the diopside and ilmenite from a single intergrowth, a phlogopite and the average parent/daughter ratio and isotopic composition for all zircon megacrysts. Provided that the garnets are included in any isochron, the choice of zircon or ilmenite megacryst phases has little effect on the calculated age or the initial 176 Hf/ 177 Hf ratio of the megacryst suite. The imprecision in the age is probably due to a combination of the very limited variation in 176 Hf/ 177 Hf ratio of the phases analysed (only 0.000083 between the most radiogenic garnet and least radiogenic zircon) and the possibility that the phases crystallized from differing magma batches with slightly differing isotopic compositions. The same Monastery megacryst phases yield a Sm-Nd isochron age of 93 AE 25 Ma (2s), whereas the three garnet megacrysts alone yield an age of 89 AE 15 Ma (Fig. 6d) . All the Lu-Hf and Sm-Nd isochron ages are in excellent agreement with both the 90 Ma U-Pb zircon age (Allsop et al., 1989 Fig. 6c and d), and hence their parental magma, are also in excellent agreement with those calculated for the Monastery kimberlite. For Hf isotopes, the initial Hf isotope composition of the megacryst parent magma or magmas can be precisely estimated from the ilmenite alone, because of the very low Lu/Hf of this phase. An initial De Hf value of À7, calculated for the megacryst suite isochron initial ratios, should lie within the range measured for the Monastery kimberlite. This is the case (Table 1) .
Any combination of megacryst phases from the Frank Smith kimberlite produces Lu-Hf and Sm-Nd isochron correlations ( Fig. 6e and f ) with ages far in excess of the 114 AE 1.8 Ma age of the host kimberlite (Allsop et al., 1989) . The scatter of these data on isochron diagrams is manifest in widely varying e Ndi and e Hfi values, indicating that either this system did not remain closed during its evolution and/or the megacrysts selected are derived from multiple batches of magma with different initial isotopic compositions (e.g. Bell & Mofokeng, 1998) . Larger-magnitude Hf isotope heterogeneity is found in zircons from Orapa (Table 3 ; Griffin et al., 2000) and in the Jwaneng and Leicester kimberlites (Griffin et al., 2000) . Griffin et al. attributed the low e Hfi values (down to À16) of megacryst zircons to reaction of the parental megacryst magma, derived from the convecting mantle, with CLM during fractional crystallization. We view this possibility as very unlikely for two reasons. First, contrary to the predictions of Griffin et al. (2000) , the great majority of CLM plots well above the mantle Nd-Hf array, at radiogenic e Hf values (e.g. Simon et al., 2002;  Fig. 7) . Hence, progressive interaction of a megacryst magma with CLM during crystallization should, in fact, produce the opposite effect and yield zircons with increasingly radiogenic Hf. Although some diopsides in garnet lherzolites can have unradiogenic Hf, these have been shown to originate from infiltrating melts associated with kimberlite magmatism (Simon et al., 2003) . Secondly, the Hf content of CLM is very low compared with a megacryst magma that is zircon-saturated. Hence, unreasonable amounts of assimilation of lithosphere with a very atypical composition would be required to explain the low e Hfi .
Although we accept that there is likely to be some interaction between the megacryst magma and lithospheric peridotite during megacryst crystallization (Hops et al., 1992; Smith et al., 1995; Griffin et al., 2000) , which may be a source of minor isotopic variation, we prefer to interpret the isotopic heterogeneity of megacrysts from a single locality as resulting from two main causes. Minor heterogeneity (a few epsilon units, e.g. Frank Smith) could result from multiple batches of parental magma (e.g. Gurney et al., 1998) , each with slightly different initial isotopic compositions. Major heterogeneity, e.g. Orapa, Jwaneng and Leicester zircon suites, may result from distinct generations of megacryst crystallization, some of which could significantly precede sampling by the host kimberlite. This is clearly the case at Jwaneng, where the zircon megacrysts can be divided into two distinct age populations (Kinny et al., 1989) , with correspondingly different Hf isotope compositions. Although there are no U-Pb ages for the Orapa zircons at present (Table 3) , their isotopic compositions would be consistent with the low e Hf zircon populations being related to an earlier phase of kimberlite activityeither a Group II kimberlite event at approximately 120 Ma or a much earlier Group I-related event at approximately 1200 Ma. Initial Hf isotope ratios, calculated at 120 Ma, for the low e Hf zircon population at Orapa overlap the low e Hf end of the Group II kimberlites and their megacrysts (Fig. 3b) . However, they also have T DM Hf model ages ranging between 1185 and 1277 Ma overlapping the age for the Premier Group I kimberlite ( Fig. 6a and b) . We note that the e Hfi values of the Orapa zircons at c. 1200 Ma would be approximately 5 to 7 epsilon units more radiogenic than the initial Hf isotopic composition of the Premier kimberlite or megacryst suite (Fig. 6a) . Both of these options suggest a genetic link between megacrysts and kimberlite-related magmatism, and work is in progress to determine U-Pb ages of the Orapa zircons, to ascertain whether the low e Hf group is related to an earlier phase of Group I or II kimberlite activity.
Additional support for a link between megacrysts and kimberlites is the close association between the geochemical characteristics of the Cr-poor megacrysts and their kimberlite hosts, together with the systematic differences in trace element geochemistry between megacrysts from Group I and Group II kimberlites. Low-Cr megacrysts from Group I kimberlites have the same isotopic systematics as Group I kimberlites, whereas low-Cr megacrysts from Group II kimberlites have Group II kimberlite isotopic characteristics (Figs 2b, 3b and 5; Bell et al., 1995; Smith et al., 1995) .
On the basis of REE data, Harte (1983) suggested that the parental megacryst magma is more similar to alkali basalt produced from the OIB source rather than a kimberlitic liquid. Additional REE data for ilmenites (Nowell & Pearson, 1998, and unpublished) show that their equilibrium liquids can range from those characteristic of OIB magmas to melts significantly more enriched than Group I kimberlites. For instance, for the Monastery kimberlite, La n and (La/Dy) n values range from 414 to 485 and 24 to 26, respectively, whereas the calculated equilibrium melt to the ilmenite megacrysts from this kimberlite has La n 94-2000 and (La/Dy) n 19-85.
Hence, although dependent on the accuracy of partition coefficients, the ilmenites could have been in equilibrium with a kimberlitic melt which may have become LREE enriched and developed high LREE/HREE ratios, as a result of early fractionation of megacryst garnet from a more OIB-like parental magma. A genetic link between kimberlites and their megacrysts is also supported by recent experimental studies that are able to crystallize intergrowths of clinopyroxene plus oxides at high pressures on the liquidus that are exact analogues to the intergrowths found in the low-Cr megacryst suite (Mitchell, 2003 (Simon et al., 2002) . Slave peridotite data are garnets and whole-rocks from Schmidberger et al. (2002) . Salt Lake Crater peridotites (Hawaii), Kilbourne Hole and Abyssal Peridotites are from Salters & Zindler (1995) . Siberian and Mongolian peridotite field is for clinopyroxene data from cratonic and offcraton peridotites (Ionov & Weis, 2002) . Data sources for MORB (N-MORB) and OIB as in Fig. 1 . Nowell et al. (1998b Nowell et al. ( , 1999 , who proposed that the negative De Hf component was of mantle origin and that it must be ancient in order to deviate significantly from the mantle array. A similar signature is also seen in lamproites (Nowell et al., 1998a) , although the Hf-Nd isotope systematics of lamproites are distinctly different from kimberlites, despite also being displaced well below the mantle Nd-Hf array (Nowell et al., 2003b) . Recently, Bizzarro et al., (2002) inferred a negative De Hf signature for the 3 Ga Tupertalik carbonatite from Greenland and concluded that a negative De Hf reservoir, or at least one with unradiogenic e Hfi , must have been present in the early Earth. However, interpretation of these data is complicated by the fact that the initial Hf isotope composition of the carbonatite is based on a few baddeleyite and zircon analyses whereas the initial Nd isotope composition is based on a single age-corrected wholerock analysis. The discordant U-Pb systematics of the baddeleyites and zircons clearly indicates that both they and their host carbonatite experienced at least one episode of disturbance following their emplacement at 3 Ga. With an age correction of 3 Ga, even a slight disturbance of the original whole-rock Sm/Nd ratio would result in a significant inaccuracy in the calculated initial whole-rock Nd isotope ratio. Furthermore of the five most concordant baddeleyites and zircons only two have enriched e Hfi compositions (À3.45 to À4.09) whereas the remaining three have values close to Bulk Earth (À0.03 to 0.47). It is therefore not clear whether the initial isotope composition of the carbonatite was any more enriched than Bulk Earth at 3 Ga or that the enriched e Hfi compositions reflect post-crystallization disturbance. Given the uncertainty of both the e Hfi and e Ndi isotope composition of the Tupertalik carbonatite the significance of a calculated negative De Hf value is unclear and in this work we investigate only the origin of the negative De Hf signature in kimberlites and their megacrysts.
Strikingly negative De Hf signatures were first observed in Southern African kimberlites (Nowell et al., 1999) . Recently, the same isotopic characteristics, with De Hf values of equal magnitude, have been found in kimberlites from the Slave Province (Dowall et al., 2000) and Siberia (Nowell & Pearson, unpublished) . This signature is not observed to the same extent in any magmas derived from the oceanic convecting mantle, although HIMU OIB have smaller negative De Hf values (Ballentine et al., 1997; Fig. 4b) . Janney et al. (2002) have recently measured similar, low De Hf isotope compositions in alkaline rocks from Southern Africa and on the continental shelf (Alphard Bank).
The generation of strongly negative De Hf signatures in the kimberlites and other magmatic rocks requires a contribution from a component that has experienced long-term decoupling of Lu/Hf-Sm/Nd systematics. Most mantle-melting processes fractionate Lu/Hf and Sm/Nd in a very systematic way (Fig. 1) , as illustrated by the coherence between e Hf and e Nd in OIB ( Fig. 3 ; Vervoort et al., 1999) . The negative De Hf component requires a larger fractionation of Lu/Hf relative to Sm/Nd than the OIB/MORB source, in order to evolve below the mantle array, i.e. ( f Lu/Hf > f Sm/Nd) kimb source > ( f Lu/Hf > f Sm/Nd) OIB . This component also needs to be isolated from the convecting mantle, to allow its distinctive isotopic signature to evolve and to be preserved (Nowell et al., 1998b; Pearson & Nowell, 2002) . The component is present in the Premier megacryst suite erupted at 1.2 Ga and, hence, must have been present from early in Earth history. There are several possibilities for the identity and location of this component.
A common factor in the numerous models put forward for the origin of kimberlites is the incorporation of varying amounts of CLM. This ancient reservoir (e.g. Pearson, 1999a ) is a logical possible location for the negative De Hf component observed in kimberlite magmas because it has remained isolated for billions of years and the occurrence of kimberlites is intimately associated with cratonic CLM (Nowell et al., 1999) . Indeed, Griffin et al. (2000) argued that CLM was the source of the negative De Hf component initially reported by Nowell et al. (1998b Nowell et al. ( , 1999 . As such, the possibility that this reservoir is the main source contributor to the Nd-Hf isotope systematics of kimberlites should be thoroughly evaluated from both theoretical and observational perspectives.
Theoretical considerations
The major element composition and modal mineralogy of cratonic peridotites indicate that they are the residua of extensive melt extraction (e.g. Boyd, 1989; . The relative order of partition coefficients for Lu-Hf-Sm-Nd in pyrope (and majoritic) (Fig. 1) . Hence, extraction of melt within the garnet stability field will lead to residual peridotite compositions that evolve rapidly with time, to radiogenic Hf and Nd isotopic compositions, above the mantle Nd-Hf isotope array and, thus, to highly positive De Hf values (Fig. 8) . The complementary melts should evolve to negative De Hf values in the lower left quadrant of Fig. 8 . Hence, melt extraction in the presence of garnet and subsequent temporal evolution of residue and melt are an effective way of generating compositions that are distinct from the mantle Nd-Hf isotopic array. Clearly, the highly radiogenic Nd and Hf isotope compositions calculated for evolution of CLM as simple melt residua are not suitable for generating the kimberlite isotopic characteristics, because they evolve to isotopic compositions substantially above the mantle array, with compositions that are not observed in any kimberlite we have measured.
Characterizing ancient CLM as a simple, single-stage melt-residue is unrealistic, given that the petrology and Sr-Nd isotope systematics of lithospheric peridotites indicate significant metasomatic re-enrichment by smalldegree melt fractions (e.g. Pearson, 1999b) . Several models for the isotopic evolution of metasomatized CLM are therefore presented in Fig. 8 . This approach is preferable to using the present-day measured parentdaughter ratios of lherzolites and harzburgites, which have often been recently decoupled from their isotopic compositions (Simon et al., 2003) and therefore do not allow accurate prediction of present-day CLM isotopic compositions [e.g. compare the predicted Hf isotopic composition for CLM estimated by Griffin et al. (2000, Fig. 5 ) with the field actually measured; Fig. 7] .
The diagonally and vertically ruled bars in Fig. 8 represent the loci of CLM isotopic compositions, calculated at the time of Group I kimberlite eruption at 90 Ma, for a two-stage evolution model. The first stage is depletion of CLM at 3 Ga (DCLM; Fig. 8 ), and stage two is metasomatism of DCLM at 1.5 Ga by 0.1-10% addition of either average Group I kimberlite (diagonally ruled bar; Smith et al., 1985) or alkaline picrite (vertically ruled bar; Mahotkin et al., 2000) , respectively. These metasomatic melts were assigned Bulk Earth e Nd and e Hf values at the time of mixing with depleted peridotite and were used because they represent likely metasomatic agents at basal lithospheric levels (200 km).
Addition of small melt fractions to depleted lithospheric peridotite and subsequent storage clearly produce very dramatic changes in isotopic evolution because of the inherently low Nd and Hf contents of highly depleted mantle. In a broad sense, it is difficult to distinguish between metasomatism of DCLM by kimberlite or alkaline picrite melts because they produce very similar results. If metasomatism occurred over a short time interval, then the range in modelled e Hf at any point (at 90 Ma in Fig. 8 ) is very limited and relatively independent of the Horizontal bars with diagonal and vertical lines at e Hf $ 0 and e Nd between À20 and 12 represent the present-day modelled composition of depleted CLM (DCLM), formed at 3 Ga and subsequently metasomatized at 1.5 Ga by addition of between 0.1 and 10% of an average Group I kimberlite melt (Smith et al., 1985) or alkaline picrite melt (Mahotkin et al., 2000) , respectively. The smaller percentage additions of kimberlite or alkaline picrite are characterized by increasingly radiogenic e Nd compositions, with the most radiogenic e Nd values being produced by metasomatism with alkaline picrite. Graded shading shows the region that would be occupied if the metasomatism occurred at times <1.5 Ga and/or the starting DCLM was characterized by more radiogenic e Hf -e Nd compositions prior to metasomatism. This field generally encompasses those compositions measured for CLM peridotites (Fig. 7) . Vectors labelled 1-5 show the isotopic evolution of various metasomite compositions from an initial starting BSE isotopic composition over 1-1.5 Ga. 1. Average carbonate metasomatized spinel peridotite (Yaxley et al., 1991) ; 2. AJE281, MARID (Gregoire et al., 2002) ; 3. AJE18, Phlogopite K-richterite peridotite (Pearson & Nowell, 2002) ; 4. MARID (Pearson & Nowell, 2002) ; 5. 22-79 mica pyroxenite (Pearson & Nowell, 2002) . Compositions 1-4 evolve to both unradiogenic e Hf and e Nd but remain close to the mantle array and, hence, have De Hf values close to zero. The mica pyroxenite (composition 5) rapidly evolves toward unradiogenic e Nd and very radiogenic e Hf .
percentage addition of either kimberlite or alkaline picrite melt. Nd isotopic composition is more sensitive to the mass fraction of added metasomatic melts. Smaller additions in each case result in the evolution of more radiogenic Nd isotope compositions, the alkaline picrite producing slightly more radiogenic e Nd than the kimberlite. Clearly, the absolute position of the array of mixing trajectories in Fig. 8 is highly sensitive to the selection of the depleted mantle mixing end-member, in terms of both the timing of depletion and metasomatism plus the melting models used to calculate the initial isotopic composition of depleted end-member. For instance, if enrichment of the lithospheric mantle occurred less than 1.5 Ga after the initial melt-depletion event, then it would be possible to generate compositions that evolve to the lower left quadrant, i.e. with negative e Ndi and e Hfi and negative De Hf values, similar to values shown by some kimberlites. Equally, if enrichment occurred more recently than 1.5 Ga, it would be increasingly difficult to generate any isotopic compositions suitable as kimberlite source regions.
Despite these caveats, the most notable feature of both models is that the variably metasomatized CLM forms an array oblique to the main mantle array, extending from negative e Nd and positive De Hf values to positive e Nd but negative De Hf values (Fig. 8) . These trends bear a remarkable similarity to the main trend observed for Kaapvaal peridotites (Fig. 7) . The main Kaapvaal peridotite data set cross-cuts the mantle array in a similar manner and at similar e Nd values to the model predictions (Fig. 8) and has also been attributed to a kimberlite metasomatism process (Simon et al., 2003) . The range in e Hf of the Kaapvaal data is slightly greater than in the kimberlite metasomatism model (diagonally ruled bar; Fig. 8 ) but it should be remembered that, in the model, initial CLM depletion and subsequent metasomatism occurred at single points in time. Reality is likely to be more complex.
In addition to having suitable isotopic compositions, it is also necessary that kimberlite source regions are incompatible-element enriched and this constraint can be used to further assess the mixing models in Fig. 8 . For example, although 0.1% alkali picrite added to depleted mantle at 1.5 Ga and evolved to 90 Ma can produce positive e Ndi and negative De Hf values, this mixture has <0.2 ppm Nd and <0.05 ppm Hf. These concentrations are far too low to produce the observed Nd and Hf concentrations of a kimberlitic liquid using any melting model. Only when metasomatic melt additions reach upwards of 10% are elemental concentrations in the resulting mix sufficient for the production of even OIB-like melts. At such high added melt fractions, isotopic compositions invariably have positive De Hf values, i.e. unlike Southern African Group I kimberlites.
In addition to this simple modelling, we use the measured Lu/Hf and Sm/Nd of a variety of MARID and amphibole-peridotite (PKP) xenoliths (Gregoire et al., 2002; Pearson & Nowell, 2002 ) and a micapyroxenite (Pearson & Nowell, 2002) to forward model the potential isotopic evolution of solidified vein metasomites and mafic components within the lithosphere. We assume Bulk Earth-like initial isotopic compositions (Fig. 8) for all lithologies. Because MARIDs crystallized recently in the CLM (Hamilton et al., 1998; Konzett et al., 1998) , they have not experienced the complex evolution seen by ancient peridotites. For this reason, and because they represent the pure metasome, it is justifiable to use the present-day parent-daughter ratios to forward model their isotopic evolution. The MARID and PKP samples used to model the evolution of vein-metasomatic assemblages have sub-chondritic Sm/Nd and Lu/Hf ratios and so evolve unradiogenic Nd and Hf isotope signatures (i.e. negative e Ndi and e Hfi ; vectors 2-4, Fig. 8 ). The isotopic evolution vectors are also sub-parallel to the mantle Hf-Nd array and so, even after 2 Ga of isotopic in-growth, the assemblages remain within error of the mantle array (i.e. De Hf values close to zero). The vectors for MARID assemblages pass through the field of Group II kimberlites, consistent with existing models linking MARIDs to crystallized Group II kimberlites. In contrast to these amphibole-bearing metasomatic assemblages, a mica pyroxenite from the Udachnaya kimberlite (Pearson & Nowell, 2002) has high Lu/ Hf but relatively low Sm/Nd, and rapidly evolves to unradiogenic e Nd and very radiogenic e Hf compositions, i.e. positive De Hf (vector 5, Fig. 8 ). Within only a few hundred Ma, the mica pyroxenite evolves outside of the mantle array, as defined by OIB magmas.
Finally, the isotopic evolution of a carbonatitemetasomatized peridotite (Yaxley et al., 1991) is also modelled, although we recognize that this is only one of a potentially large spectrum of carbonatite-metasomatized mantle compositions. The carbonate-peridotite assemblage (vector 1, Fig. 8 ) also evolves toward unradiogenic Hf and Nd and remains close to the mantle array, even after 2 Ga.
Although the selection of different mixing scenarios may seem somewhat arbitrary and relatively limited, we note that the field for measured CLM (Fig. 7) matches well with the modelled field (Fig. 8) and none of the assemblages modelled evolves to the isotopic characteristics of either Group I kimberlites or their megacrysts.
Direct observations of lithosphere composition and its relationship to kimberlites
Hf isotope analyses have been reported for peridotites from old oceanic lithosphere (Salters & Zindler, 1995) . More recently, cratonic (Bedini et al., 2002; Ionov & Weis, 2002; Schmidberger et al., 2002; Simon et al., 2002) and non-cratonic (Blichert-Toft et al., 2000; Ionov & Weis, 2002) CLM peridotites have been analysed, together with garnet pyroxenites and peridotites from the Beni Bousera orogenic massif , 2004 . This wide spectrum of samples should provide a general picture of the Hf-Nd isotope systematics of lithospheric mantle of various ages.
The database for cratonic CLM (peridotite xenoliths from the Kaapvaal craton and Churchill Province) is dominated by samples that plot close to, or well above, the mantle Nd-Hf array. e Hfi values are predominantly between 0 and þ200 at comparatively unradiogenic e Ndi values (À20 to þ30; Fig. 7 ; Schmidberger et al., 2002; Simon et al., 2002, 2003, and unpublished) . Bedini et al. (2002) reported e Hfi values for Kaapvaal peridotite garnets of up to 2500. Non-cratonic CLM peridotite xenoliths from Siberia and Mongolia (Blichert-Toft et al., 2000; Ionov & Weis, 2002 ) also plot close to or above the mantle Nd-Hf array, with slightly less extreme e Hfi values than cratonic peridotites. In addition, peridotite clinopyroxene separates from the Beni Bousera orogenic massif plot on or well above the mantle array with e Hfi values up to þ200 at e Nd values of between 5 and 20. Overall, the striking feature common to the Kaapvaal, Churchill and Beni Bousera peridotites is the vertical e Hfi -e Ndi arrays, with extremely positive De Hf values of some samples (Fig. 7) .
The radiogenic Hf isotope compositions observed for metasomatized peridotites and for lithospheric peridotites in general are in keeping with their origin as residua. The radiogenic Hf isotope compositions are not mirrored by the expected radiogenic Nd isotope compositions, which appear to be more disturbed by later metasomatic processes. Ionov & Weiss (2002) concluded that the Hf isotope compositions of some mantle peridotites are much less affected by metasomatism and better preserve the record of ancient depletion events than their Sr or Nd isotope compositions. Although the simple mixing models presented in Fig. 8 are an inadequate representation of the true and complex nature of metasomatism in the mantle, many of the lithospheric peridotites have compositions that fall within the broad fields predicted for melt-metasomatized depleted mantle. As a reservoir, the peridotitic fraction of the CLM is thus characterized by dominantly radiogenic e Hf at variable e Nd , placing it substantially above the mantle array in most instances and, hence, being unsuitable as a kimberlite source region. In addition, rocks that represent pure metasomatic rocks do not have Nd-Hf isotope characteristics similar to the Group I and Transitional kimberlites and, hence, we cannot agree with the model of Griffin et al. (2000) , in which the dominant source for Group I kimberlites is ancient, silicate melt-metasomatized CLM.
Limited data are also available for the mafic components of the CLM, i.e. eclogites and pyroxenites. Pyroxenites from orogenic peridotite massifs represent the effects of melt infiltration into CLM Pearson & Nowell, 2004) . Some samples have unradiogenic Nd and Hf, plotting on the mantle Hf-Nd isotope array. Other samples have very radiogenic Nd isotope compositions, e Nd $ 35, but less radiogenic e Hf $ 20, such that they plot in the far right quadrant of the diagram, well below the array (Pearson & Nowell, 2004) . Cratonic eclogite xenoliths are even more variable, with samples plotting from well below, to well above, the array ( Jacob et al., 2002) , and Nowell et al. (2003c) have reported e Hfi values in South African and Siberian alkremites of between 0 and þ24960, with moderately unradiogenic e Ndi values of between 0 and À10. Some eclogite compositions have very low De Hf values, so that they could be considered as possible sources of the low De Hf signature in kimberlites. One problem with this model is that cratonic eclogites are so isotopically heterogeneous that if they contributed significant Hf to a kimberlite parental melt, we would expect to observe extremely variable Hf and Nd isotope compositions, scattered both above and below the mantle array. In contrast, the kimberlites and their coexisting megacrysts form a systematic, tightly clustered field in Nd-Hf isotope space (Fig. 3b) , inconsistent with the incorporation of a highly variable source component such as cratonic eclogite. Furthermore, significant fractions of eclogite should also contribute large amounts of radiogenic Os to the system and this is also inconsistent with the observed OIB-like Os isotope systematics of kimberlites (Pearson et al., 1995 (Pearson et al., , 1996 . Even kimberlites that contain abundant eclogite xenoliths (e.g. Roberts Victor) do not show isotopic evidence of having incorporated this lithology into the parental kimberlite magma. Group II kimberlites, which are commonly held to contain the largest lithospheric inputs in any petrogenetic model (Smith, 1983; le Roux, 1986) , have Nd-Hf isotope compositions that plot on or above the mantle array.
An additional line of evidence that suggests that ancient cratonic CLM is not the source of the negative De Hf signature in kimberlites comes from the study of alkalic volcanics, erupted around the periphery of the Kaapvaal craton ( Janney et al., 2002 
ORIGIN AND NATURE OF THE NEGATIVE De H f COMPONENT IN KIMBERLITES AND THEIR MEGACRYSTS: SUBLITHOSPHERIC CONTRIBUTIONS
If the parental kimberlite and megacryst magmas are derived from sublithospheric mantle sources, i.e. the convecting mantle or some deep boundary layer within it, they must contain an isotopic component that is not as clearly recorded in other magmas originating from these reservoirs, e.g. OIB. Although the Southern African kimberlites are only Mesozoic in age, their unradiogenic Hf at relatively radiogenic Nd isotope compositions suggests derivation from a distinctive source that has been isolated from the convecting mantle for considerable periods of time (>1 Gyr). Below, we explore processes that might produce such an isotopically distinctive source.
Fractionation involving perovskitestructured MgSiO 3
Perovskite-structured MgSiO 3 (hereafter referred to as Mg-perovskite) is a high-pressure mantle phase that has distinctive Lu-Hf and Sm-Nd fractionations (Fig. 1) , capable of creating time-integrated negative De Hf signatures (extrapolating the systematics shown in Fig. 1  with time) . Either a Mg-perovskite-bearing melt residue (Blichert-Toft & Albarede, 1997) or a Mg-perovskite 'cumulate' from an early terrestrial magma ocean (Salters & White, 1998) will evolve unradiogenic e Hf and radiogenic e Nd isotope compositions. Published silicate meltMg-perovskite D values for Lu, Hf, Sm and Nd vary greatly (Kato et al., 1988a, b; Ohtani et al., 1995; Minarik et al., 1998) , although the relative ordering of D values derived from any one experiment is always (Fig. 1) 
Subducted oceanic crust
Of magmas derived from convecting mantle, those displaying HIMU characteristics show the most pronounced negative De Hf and have relatively radiogenic e Nd (Chauvel et al., 1994; Ballentine et al., 1997) . HIMU basalts are widely accepted to contain a significant fraction of recycled oceanic crust in their source (e.g. Hofmann, 1997) . Lu/Hf and Sm/Nd partitioning behaviour during formation of oceanic crust produced by melting in the garnet stability field (Fig. 1) , followed by isotopic evolution for >1 Gyr, is capable of generating unradiogenic Hf at a given Nd isotope composition, i.e. negative De Hf characteristics such as those observed in the kimberlite and megacryst source regions (Fig. 9) .
It is simple to model the isotopic evolution of subducted MORB. Here, we use measured Sm/Nd and Lu/Hf ratios of modern E-and N-MORB, recognizing that significant uncertainty arises because of the currently unconstrained parent-daughter isotope fractionations during subduction. E-MORB has both sub-chondritic Lu/Hf and Sm/Nd ratios and so evolves unradiogenic e Hf and e Nd (Fig. 9 ). E-MORB also develops negative De Hf values. Ancient E-MORB overlaps the field for Group I kimberlites and extends to the fairly extreme compositions found in the Transitional kimberlites. N-MORB is characterized by sub-chondritic Lu/Hf but supra-chondritic Sm/Nd ratios and so evolves to unradiogenic e Hf and radiogenic e Nd with time. Hence, the negative De Hf values at radiogenic e Nd overlap the field for Group I kimberlites and their megacrysts (Figs 4 and 5), but the ancient N-MORB field does not extend to the compositions of the Transitional kimberlites. Consequently, the component generating the negative De Hf values in the parental kimberlite melts could be a spectrum of subducted, ancient MORB compositions AE a sediment component, stored at a deep boundary layer in the mantle or perhaps trapped in the Transition zone.
Proof that ancient subducted oceanic crustal compositions can evolve to extreme Hf isotopic compositions is seen in the eclogite xenoliths analysed by Jacob et al. (2002) . The link between kimberlites and ancient subducted oceanic crust entering their source regions in the deep mantle was first proposed by Sharp (1974) and developed on a geochemical basis by Ringwood (1989) . Similarly, Janney et al. (2002) have interpreted the low De Hf signatures of melilitites and alkali basalts from Southern Africa as being derived from recycled ancient oceanic crust 'pods' in the asthenosphere.
If the low De Hf component sampled by Group I and Transitional kimberlites is stored in a deep Earth boundary layer, such as the Transition Zone or the core-mantle boundary, it must be entrained during plume-upwelling that ultimately results in kimberlite magmatism ( le Roux, 1986; Hops et al., 1992; Haggerty, 1994; Kesson et al., 1994) . Os isotopic compositions of Group I and Group II kimberlites show a large degree of overlap, with both groups having a significant population of samples with the same composition as the OIB source. This has led to the suggestion that the ultimate source for both groups of kimberlites is the convecting mantle (Pearson et al., 1995 (Pearson et al., , 1996 . In this type of model, the absence of a significant De Hf signature in Group II kimberlites would be a result of extensive hybridization or interaction with lithospheric mantle (characterized by De Hf values of zero to very positive) during kimberlite ascent. Such a model is consistent with the suggestions of Haggerty (1994) and Kesson et al. (1994) that the source region for kimberlites is ultra-deep. A deep, sub-lithospheric source region for kimberlites has also received support from phase equilibria studies (Edgar & Charbonneau, 1993; Kesson et al., 1994; Girnis et al., 1995; Mitchell, 2003) . Nowell et al. (1998b Nowell et al. ( , 1999 recognized that the distinctive isotopic signature of kimberlite source regions, i.e. the radiogenic e Nd , unradiogenic e Hf component, is relevant to the broader problem of the Hf-Nd isotope composition of Bulk Silicate Earth (BSE), as identified by BlichertToft & Albarede (1997) . The restricted nature of the mantle Nd-Hf array raises a geochemical mass balance problem in the Earth because the estimates for the HfNd isotope composition of BSE (Blichert-Toft & Albarede, 1997). The Hf/Nd elemental ratios of the Nd ratios of 0.039 and 0.2165, respectively. The isotopic evolution and present-day isotopic compositions of subducted/stored E-and N-MORB generated from a DM source at time t are represented by solid lines punctuated with filled circles and are calculated assuming present-day average Lu/Hf and Sm/Nd ratios for E-and N-MORB. Shaded region between E-and N-MORB illustrates possible compositional range between the two extremes and encompasses those compositions observed in the Group I kimberlites (shading as in Figs 1-3) and their associated megacrysts (diagonally hatched shading).
WIDER IMPLICATIONS
Depleted Mantle and Continental Crust reservoirs are such that mixing curves in Hf-Nd isotope space between these two reservoirs do not pass through the Blichert-Toft & Albarede (1997) estimate of BSE (Fig. 10) .
Three possible explanations for this apparent mass balance problem have been proposed:
(1) The Earth itself is not chondritic.
(2) The BSE parameters for Hf (and possibly Nd) isotopes defined from meteorites are not a reasonable representation of BSE. (3) There is a substantial ancient 'hidden reservoir' within the Earth, apparently unsampled by any measured terrestrial volcanic rock, which has a NdHf isotope composition sufficient to compensate for the imbalance between BSE-DM-CC.
When option 3-the 'hidden reservoir'-was first proposed (Blichert-Toft & Albarede, 1997), there was minimal isotopic evidence from terrestrial magmas for its existence. Kimberlites and their megacrysts provided the first identification of mantle-derived magmatic rocks that had isotopic compositions indicative of such a reservoir (Nowell et al., 1998b (Nowell et al., , 1999 Pearson & Nowell, 2002) . Trace element and isotopic mass balance constraints show that the location of the proposed missing component is unlikely to be the lithospheric mantle (Rudnick et al., 2000; Pearson & Nowell, 2002) . This negative De Hf component is evident in the megacryst suite from the 1.2 Ga Premier kimberlite, indicating that the reservoir must be older. Modelling constraints indicate a likely age of > 2 Ga for this component (Nowell et al., 1999; Fig. 8) .
The necessity of a substantial 'hidden reservoir' based on mantle Hf-Nd isotope constraints is still the subject of debate (e.g. Allegre, 2002) . However, the extremely radiogenic Hf isotopic compositions measured for the residual lithospheric mantle (Fig. 7) require that their complementary melts will evolve to unradiogenic Hf isotope compositions substantially below the array. These solidified melts will be high in Hf, because Hf in the residual lithosphere is very low. If the lithosphere constitutes approximately 2% of BSE (Pearson & Nowell, 2002) and is residual after, on average, 20% melting, then the very negative De Hf reservoir caused by this process alone may constitute in the order of 0.4% of the BSE. In this sense, the highly positive De Hf values of CLM are the strongest argument for the existence of a negative De Hf 'missing' component, irrespective of BSE estimates.
CONCLUSIONS
Group I and Transitional kimberlites, together with low-Cr megacrysts from Group I kimberlites, have distinctive Hf-Nd isotope systematics that trend below the mantle array at oblique angles and extend significantly outside the field for oceanic basalts, i.e. they have strongly negative De Hf values. 
